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ABSTRACT 
Residual stresses and deformations continue to remain one of the primary challenges towards expanding the 
scope of selective laser melting as an industrial scale manufacturing process. While process monitoring and 
feedback-based process control of the process has shown significant potential, there is still dearth of techniques 
to tackle the issue. Numerical modelling of selective laser melting process has thus been an active area of 
research in the last few years. However, large computational resource requirements have slowed the usage of 
these models for optimizing the process. 
In this paper, a calibrated, fast, multiscale thermal model coupled with a 3D finite element mechanical model is 
used to simulate residual stress formation and deformations during selective laser melting. The resulting 
reduction in thermal model computation time allows evolutionary algorithm-based optimization of the process. 
A multilevel optimization strategy is adopted using a customized genetic algorithm developed for optimizing 
cellular scanning strategy for selective laser melting, with an objective of reducing residual stresses and 
deformations. The resulting thermo-mechanically optimized cellular scanning strategies are compared with 
standard scanning strategies and have been used to manufacture standard samples. 
Keywords: selective laser melting, optimized scan strategies, multiscale hybrid pseudoanalytical-3DADI 
modelling, thermo-mechanical analysis, multilevel optimization 
1. INTRODUCTION  
 
The importance of scan strategy in producing parts with SLM has been established across several studies [1] [2] 
[3] [4]. Thus several newer scan strategies have been proposed over the years, both for single layer as well as 
multiple layers [5] [6] [7] [8] [9] [10]. Research in process optimization of selective laser, however, has 
primarily been an experimental undertaking [1] [5] [11]. The usage of focused, high-power lasers as heat 
sources and the associated multi-physics in SLM provides a challenge for modelling large spatial and/or 
temporal domains. The resulting large computational requirements and calculation times have remained a bottle-
neck for most numerical modelling based optimization research [12] and consequently there is a scarcity of 
process optimization studies across literature.  
However, recently developed faster solution techniques for the thermal model [13] as well as established model 
reduction techniques for the thermo-mechanical models [14] of selective laser melting provide fresh scope for 
undertaking numerical modelling based optimization studies. In this paper, several such smart techniques have 
been adapted to enable process optimization of the cellular scanning strategy for selective laser melting with an 
aim of reducing in-situ transient stresses as well as residual stresses and deformations.  
Laser 3D Manufacturing III, edited by Bo Gu, Henry Helvajian, Alberto Piqué, Proc. of SPIE
Vol. 9738, 97380Z · © 2016 SPIE · CCC code: 0277-786X/16/$18 · doi: 10.1117/12.2212490
Proc. of SPIE Vol. 9738  97380Z-1
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 09/06/2016 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx
  
2.1. Ther
While se
tendency
with sele
while the
melt poo
exists es
particular
the curre
convectiv
allowing 
For the s
analytica
aims to a
numerica
(3D FV 
accuracy
 
The hybr
accuracy
for solvin
the pseud
2. HYB
 
mal Model 
veral approac
 for these pro
ctive laser me
 high tempera
l, necessity of
pecially if p
ly important 
nt study selec
e heat trans
reduction of t
tudy docume
l model and a
lleviate the c
l methods, su
ADI) model 
 (the accuracy
Figure 1 Algo
id pseudo-ana
 of 3D-ADI F
g the therma
o-analytical 
RID MOD
hes are foun
posed model
lting process
tures facilita
 developing a
henomena su
for high Ray
tive laser mel
fer effects c
he multi-phy
nted in this p
 3D finite vo
omputational 
rrogate mode
is a high-fide
 is similar to 
rithm for solv
lytical 3D FV
V model to a
l problem by 
model is used
ELLING
d in literatur
s to be comp
 promotes a c
te radiative he
 thermal-fluid
ch as balling
leigh number
ting with Ti6
an be succes
sics involved.
aper, the ther
lume alternati
and time bur
ls and analyti
lity model d
Crank-Nichol
ing thermal pr
 ADI model 
chieve fast a
combining th
 to solve the
 OF THER
e dealing wi
utationally e
onduction-do
at transfer. A
 model capab
 effect were
 and high Pé
Al4V alloy ha
sfully model
 
mal problem 
ng direction 
den, and has 
cal solutions.
eveloped for 
son method a
oblem with hy
 
aims to comb
nd accurate th
e two models
 heat transfer
MO-MEC
th the therm
xpensive [12]
minated heat 
lbeit the sma
le of capturin
 to be simu
clet number m
s been invest
ed via effect
is simulated 
implicit mode
been develop
 The 3D finit
faster therma
nd the theore
brid pseudo-a
ine the speed
ermal calcula
 in a global-l
 problem in t
HANICS I
al aspect of t
. The high c
transfer in m
ll size and tem
g convective
lated [15] [
aterials such
igated in a pr
ive conducti
using a hybri
l. The pseudo
ed based on t
e volume alte
l calculations
tical basis can
nalytical 3D F
 of pseudo-an
tions. Figure
ocal approach
he global dom
N SLM 
he process, t
ooling rates a
ost of the ma
poral existen
 mass and hea
16] [17], and
 as steel. Ho
ocess window
ve properties
d between th
-analytical m
he concepts o
rnate directio
 while still p
 be found in 
V ADI model
alytical mode
 1 shows the 
. In the hybr
ain while th
here is a 
ssociated 
terial/part 
ce of the 
t transfer 
 become 
wever, in 
 wherein 
, thereby 
e pseudo-
odel [13] 
f discrete 
n implicit 
reserving 
[18] ). 
 
l with the 
algorithm 
id model, 
e 3D FV 
Proc. of SPIE Vol. 9738  97380Z-2
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 09/06/2016 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx
_1200
-800
-600
1000~
-4-
We.
400
°
°/e
,s
/
æ
=
=%%
/
1600
1
 
 
ADI mod
ways, the
commerc
2.2. Vali
Selective
600 μm, 
problem 
implemen
model, an
mesh wit
FVADI m
local dom
as transfe
Figure
Figure
 
el is utilized 
 implementa
ial finite elem
dation of Hy
 laser melting
wherein the d
is implement
ted hybrid m
d a 5 μm cu
h the pseudo
odel, which 
ain around th
rred to the gl
 2 Temperatur
 3 Molten and
locally centre
tion carried o
ent software.
brid Pseudo-
 of a single p
omain is pro
ed in the com
odel utilizes 
bic mesh for 
-analytical m
works with a 
e laser beam
obal domain, 
e distribution
 powder zone 
antiparallel s
d around the 
ut for this st
 
analytical 3D
owder layer o
cessed by an
mercial fini
two distinct m
the 3D FV A
odel, and the
smaller time 
. The results 
which is then
 calculated by 
sc
distribution ca
canning strate
laser beam. W
udy is explai
 FVADI Mo
f 50 μm thick
 anti-parallel(
te element so
eshing strate
DI model. T
 results are tr
step size, is th
from the 3DF
 updated acco
ABAQUS mo
anning strate
lculated by A
gy [ Blue- pow
hile the two
ned below vi
del 
ness is simul
zigzag) scann
ftware ABA
gy, a 25 μm c
he thermal pr
ansferred to t
en used to ca
VADI model
rdingly.  
del (left) and h
gy 
BAQUS mode
der ; Red/Yel
 models can b
a a validation
ated for a dom
ing strategy 
QUS on a 10
ubic mesh fo
oblem is first
he local 3DF
lculate the tem
 are saved on
ybrid model (
l (left) and hyb
low – molten] 
e combined i
 study with r
ain size of 6
[19]. As refer
 μm cubic m
r the pseudo-
 solved on th
VADI model
peratures in
 the finer mes
right) for anti
rid model (rig
n various 
espect to 
00 μm X 
ence, the 
esh. The 
analytical 
e coarser 
. The 3D 
 a smaller 
h as well 
 
parallel 
 
ht) for 
Proc. of SPIE Vol. 9738  97380Z-3
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 09/06/2016 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx
  
 
Figure 2 shows the temperature field predicted by the ABAQUS implementation and the hybrid 
pseudoanalytical-3DADI model for the antiparallel scanning strategy. For this case, the scanned area is smaller 
than the modelled domain as is the case in real processing with selective laser melting. Figure 3 shows the 
molten and powder zones as predicted by the ABAQUS and hybrid model respectively. 
2.3. Mechanical Model 
Thermo-mechanical modelling of selective laser melting has been the subject of several publications [3] [20] [4] 
[21] [22] within the past half-decade with a focus on the residual stresses generated during processing and the 
resulting deformations upon unloading. As the computation time involved in thermo-mechanical modelling of 
SLM is usually quite large, the models often use some form of approximation to increase the speed of 
computation e.g. adding multiple layers together instead of one at a time [21]. 
Thermo-mechanics involved during SLM can be described using elasto-plastic constitutive models while 
solving the governing equations. The elastic behavior of the material being processed with SLM can be 
described using generalized Hooke’s law, which describes an isotropic linear-elastic material. Due to high 
temperatures involved during SLM, the process description necessitates inclusion of plasticity models. Here, an 
isotropic hardening plasticity model is assumed based on von Mises flow criterion (J2 flow theory), wherein 
yielding occurs when thrice the second invariant of stress deviator equals the square of the uniaxial yield 
strength of the material [23]. 
The primary modelling technique used to simulate the mechanical problem in selective laser melting involved 
applying user subroutines along with the finite element software ABAQUS. A domain of 500μm X 500μm X 
50μm is chosen corresponding to the molten/re-solidified region in the above (validation) case and divided into 
elements of 10μm edge length. Selective laser melting on the domain is simulated using a sequential coupling 
between thermal and mechanical models. Temperature-dependent yield strength is supplied along with a 
temperature and equivalent plastic strain dependent hardening parameter. UMAT is used to set up the 
incremental finite element formulation with UHARD supplying the hardness parameter. USDFLD is used along 
with a tanh based smoothening function to capture the transition between powder and bulk (solid or liquid) 
material. The thermo-mechanical model thus formed is able to capture the thermal softening as well as strain 
hardening effects. Additionally, equivalent plastic strains are reset to zero in the current implementation once 
the temperature exceeds liquidus, thus allowing for stress relaxation and tracking the melt pool. Figure 4 shows 
the residual stresses and corresponding deformation in the processed domain upon cooling to room temperature. 
 
3. CELLULAR SCANNING STRATEGY OPTIMIZATION PROBLEM 
 
3.1. Cellular Scanning Strategy 
One of the most successful strategies, applied as default in software accompanying SLM machines, is the island 
scanning strategy. Cellular scanning strategy is an extension of the idea behind island scanning strategy wherein 
instead of dividing a layer into multiple islands and processing them randomly, the layer to be produced is 
divided into combination of large cells of different standard shapes and sizes which are processed using 
optimized scanning strategies suitable for those cells shapes/sizes. Each such cell is further divided into smaller 
cells following similar idea of division, and the division process continues till standard unit cell sizes are 
reached which can be processed using scan strategies already available in literature such as anti-parallel, 
parallel, spiral, etc. These selected unit cell scanning strategies are then combined in an optimized manner to 
generate an appropriate sequence of processing for the next larger standard sized cell. Subsequently, the 
multiple optimized scanning strategies generated can be further combined in an optimized sequence to generate 
the scanning strategy for the next larger cell size. The process is better described in Figure 5 below wherein the 
division of a long bar into cells is shown. The generation of cellular scanning strategy then follows a bottom-up 
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3.2. Decomposing Cellular Scanning Strategy Optimization Problem 
 
Scanning strategy is not a directly quantifiable parameter and thus the first step towards optimization is 
formulating them in a quantitative manner. As the focus is on cellular scanning strategy, the optimization has 
been formulated into a combinatorial problem resembling the Travelling Purchaser Problem (TPP). Travelling 
Purchaser Problem is defined as the path a purchaser should take when visiting a fixed number of cities wherein 
in addition to the cost of travelling between different locations, each location has a list of available goods 
together with the price of each such good. The task is then to find, for a given list of articles, the route with the 
minimum combined cost of purchases and traveling. 
Cellular scanning strategy can be seen to resemble the travelling purchaser problem, where the unit cells 
forming the processing domain are the cities/locations and the different unit cell scanning paths are the 
corresponding goods at each location. The current problem, however, differs from TPP as the effect of choosing 
a particular unit cell scanning path is not known a priori. Also, the current problem is asymmetric as the effect 
of choosing a particular unit cell scanning path is not necessarily the same if the particular path through the 
locations were to be travelled in reverse. Thus, the problem is apt to be solved as a multi-objective optimization 
problem with the sequence of travelling between locations and the net effect of choosing unit cell scanning 
strategies forming two objective functions to be minimized simultaneously. 
Multi-objective optimization problems, however, are less trivial than single-objective optimization problems 
when the objectives become conflicting and result in non-dominated pareto fronts (i.e. when one of the objective 
functions cannot be improved without degrading the other objective function values). Although, it is eventually 
a more apt way of tackling the cellular scanning strategy optimization problem, the work here has attempted to 
split the aforementioned problem into individual single-objective problems. The intention is to develop more 
efficient techniques for solving the single objective problems (as some algorithms are better tuned to solve a 
particular type of problem compared to others), and subsequently combine them in a multi-level scheme. The 
cellular scanning strategy optimization problem has thus been formulated into two distinct combinatorial sub-
problems – modified travelling salesman problem and a unit-cell selection problem (assignment problem) 
 
3.2.1. Modified Travelling Salesman Problem 
 
The classical travelling salesman problem (TSP) [24] is a combinatorial problem, wherein a path needs to be 
determined through a given set of points in order to minimize the total path (e.g. the shortest time in which a 
salesman can visit n different cities). Formulating the first sub-problem into a classical TSP would result in a 
path corresponding to the shortest travel time between the different cells. As it will not draw on any process-
specific knowledge, the resulting solutions might not be suitable for the larger optimization problem. More 
specifically, it will not be able to capture the asymmetric nature of the problem. However, coupling a numerical 
process model to the TSP while defining certain indicators for fitness based on results of the numerical model 
would add the necessary process knowledge.  
 
3.2.2. Unit Cell Selection Problem 
 
The unit cell selection problem is formulated as an assignment problem. A classical assignment problem is best 
explained with the following analogy 
There are a number of agents and a number of tasks. Any agent can be assigned to perform any task, 
incurring some cost that may vary depending on the agent-task assignment. It is required to perform all 
tasks by assigning exactly one agent to each task and exactly one task to each agent in such a way that 
the total cost of the assignment is minimized. 
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A generalization of this problem involves one agent being able to perform multiple tasks and vice versa. For the 
current problem, we assume the different unit cells to be the ‘tasks’ and the six scanning strategies shown in 
[19] to be the ‘agents’. The cost of this assignment problem should be defined based on physical process 
characteristics, as it is framed to be the more rigorous of the two optimization sub-problems. Thus, for 
comparison between the different cellular scanning strategies, a dimensionless number ϴ is defined and is given 
by 
 
ࣂ = (܂ܕ܉ܠ/σܜ܍ܕܘ࢓ࢇ࢞ ) ∗  (૚ + ܄) /(૚ +  ۻ) 
 
where T୫ୟ୶  is the maximum temperature during the simulation, σ୲ୣ୫୮௠௔௫  is the maximum value of standard 
deviation of temperature during simulation, V is the number of overheated zones at the end of simulation, and M 
is the number of molten zones at the end of simulation. Molten or overheated zones are classified based on the 
maximum value in the temperature history of the zone. More specifically,   
 
ܶ݁݉݌݁ݎܽݐݑݎ݁ > ܮ݅ݍݑ݅݀ݑݏ ܶ݁݉݌݁ݎܽݐݑݎ݁  ≡ Molten Zone 
 
ܶ݁݉݌݁ݎܽݐݑݎ݁ > (ܮ݅ݍݑ݅݀ݑݏ ܶ݁݉݌݁ݎܽݐݑݎ݁ + ܤ݋݈݅݅݊݃ ܶ݁݉݌݁ݎܽݐݑݎ݁ )2 ≡ Overheated Zone 
 
The process-specific perspective behind selection of the different indicators is explained in [13], and is thus not 
discussed here. The usage of the Ѳ criteria as objective function for comparison of scanning strategies results in 
formulating the optimization as a minimization problem.  
 
3.3. Optimization of Selective Laser Melting 
 
For the current study on multilevel multiscale optimization of cellular scanning strategy, a domain of 10cm X 
1cm was chosen, which was divided into 40 cells of 5mm X 5mm each. Each such 5mm square cell was further 
divided into unit cells of 500 μm X 500 μm which were to be processed using one of six standard scanning 
paths. The processing parameters used for simulation as well as experiments are given in Table 1.   
On the lowest level and scale, the optimization problem involved generation of processing sequences of the 
500μm X 500μm unit cells in the 5mm X 5mm domain. The next optimization level involved selection of 
scanning strategies for the unit cells for the multiple optimized processing sequences generated. Optimization at 
this scale was performed iteratively between the two levels for three successive optimization runs after which 
the results were carried over to the next higher scale. 
On the lower level of the higher scale, the optimization problem involved generation of processing sequence of 
the 5mm X 5mm cells in the 10cm X 1cm domain. Thereafter, the next level involved selection of scanning 
strategies of the 5mm X 5mm cells from the results carried over from the previous scale. Similar to the previous 
scale, the optimization was performed iteratively between the two levels for three successive optimization runs. 
At the end of successful optimization at each scale, thermo-mechanical analysis was performed on the two 
generated scanning strategies with best numerically computed fitness values to ensure the validity of the 
optimization results. The limited number of thermo-mechanical simulations was due to the large computation 
time associated with each such simulation. Upon completion of the optimization procedure, the generated scan 
strategies were utilized to produce the 10cm X 1cm component by selective laser melting (as shown in Figure 6). 
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Table 1 Processing parameters for selective laser melting with optimized cellular scanning strategy 
 
Parameter Values 
Power 120 W 
FWHM 80e-6 m 
Chamber Temperature 150 C 
Scan speed 800 mm/s 
Hatch spacing 80e-6 m 
 
 
Figure 6 Manufacturing components by selective laser melting using optimized cellular scanning strategies 
 
 
4. RESULTS & DISCUSSION 
 
The cellular scanning strategies generated through the optimization study have been used for manufacturing 
along with several control cases wherein the processing sequence is linear and/or unit cell scanning strategies 
have been fixed to be parallel scanning strategy. The optimization of the cellular scanning strategies has been 
aimed towards reducing the transient as well as residual stresses in components as well as resulting 
deformations. However, the control cases (corresponding to a randomized island scanning strategy) might lead 
to high residual stresses and localized deformations. Figure 7 shows delamination and deformations in one of the 
control cases during manufacturing of the 10cm X 1cm bars wherein non-optimized temperature fields led to 
high localized stress concentrations resulting in localized deformation during cooling.  
A closer look at the bars manufactured using control scanning strategy and an optimized cellular scanning 
strategy can be obtained in Figure 8 and Figure 9 respectively. The surface of the bar manufactured with the 
parallel scanning strategy (Figure 8) shows several areas of porosity containing unconsolidated powder particles. 
It is possible to observe several flat single track features in this surface layer. 
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improvement of thermal markers/indicators. The resulting thermo-mechanically optimized cellular scanning 
strategies were used to manufacture standard samples along with several control cases (scanning strategies). The 
optimized cellular scanning strategy based components showed lower distributed levels of deformations as 
compared to control cases showing higher localized deformations. Comparison of surface characteristics showed 
a better consolidation in optimized cellular scanning strategy based parts albeit at a cost of greater surface 
roughness brought about through balling effect in certain unit cells. 
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